To obtain basic data for developing manufacturing processes for stainless steels for implant application, we determined how solution treatment and cold rolling affect the microstructure and mechanical properties of stainless steels. The grain size of the austenitic () phase in solution-treated ISO 5832 stainless steel tended to increase with solution-treatment temperature. The effects of solution-treatment temperature on the 0.2% proof strength ( 0.2%PS ) and ultimate tensile strength ( UTS ) of this stainless steel were almost negligible, while total elongation (T. E.) tended to increase slightly with solution-treatment temperature. The mechanical properties of ISO 5832 stainless steel solution-treated at 1075 C for 30 min were as follows: 0.2%PS , 303 AE 3 MPa; UTS , 670 AE 2 MPa; T. E., 65 AE 2%; and reduction of area (R. A.), 71 AE 2%. In the TEM image of 20% cold-rolled ISO 5832 stainless steel, many dense dislocations, which were produced by cold rolling, were observed. The 0.2%Ps and UTS of the cold-rolled stainless steel increased as the draft increased, whereas the T. E. decreased linearly with an increase in the draft. The 0.2%PS , UTS , T. E., and R. A. of 20% cold-rolled ISO 5832 stainless steel were 758 AE 6 MPa, 890 AE 2 MPa, 22 AE 2%, and 68 AE 4%, respectively. In the microstructural observation of solution-treated high-N stainless steel, CrNbN and Mn 2 SiO 4 were observed. The mechanical properties of this stainless steel were as follows: 0.2%PS , 436 AE 4 MPa; UTS , 830 AE 4 MPa; T. E., 37 AE 2%; and R. A., 48 AE 7%.
Introduction
Stainless steel is increasingly being used as metallic material for orthopedic and vascular implants, e.g., bone plates, compression hip screws, intramedullary fixations, orthopedic wires, bone screws, artificial femoral heads, artificial hip stems, and coronary stents. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] It has also received much attention as material for stents and stent grafts owing to its very good elasticity, high mechanical strength, excellent ductility and good cold workability. It has recently been reported that fretting corrosion is caused by the micromotion between bone cement and cemented artificial hip stems made of Ti alloy which has much lower elasticity than the high-strength stainless steel. 15) Therefore, cemented artificial hip stems made of stainless steel tend to replace those made of Ti alloy. The chemical requirements and mechanical properties of wrought stainless steel is specified in ISO 5832-1, and those of wrought high-nitrogen (high-N) stainless steel for medical devices and surgical implants is specified in ISO 5832-9.
In this study, to obtain basic data for developing such manufacturing processes, we determined the effects of solution treatment and cold rolling on microstructure and mechanical properties of stainless steel. The microstructure was analyzed by optical microscopy, transmission electron microscopy (TEM), and X-ray diffraction (XRD) analysis. Tensile test was also carried out at room temperature to examine the effects of above treatments on mechanical properties of stainless steel.
Materials and Methods

Alloy specimens and solution treatment
Two kinds of stainless steel were prepared by vacuuminduction melting and mechanical alloying: ISO 5832 stainless steel specified in ISO 5832-1 and high-N stainless steel specified in ISO 5832-9 for surgical implants. An ISO 5832 stainless steel ingot (50 kg) was soaked at 1200 C for 5 h and forged into billets. The billets were maintained at 1200 C for 1 h and then hot-rolled. Each of the hot-rolled billet was solution-treated at 1000 C, 1050 C, and 1100 C for 30 min and then quenched in water (solution-treated). A part of these solution-treated billets were cold-rolled to prepare 10%, 15% and 20%-reduced ISO 5832. The 10%, 15% and 20% indicate the change in cross section. High-N stainless steel specified in ISO 5832-9 was prepared in powder form by mechanical alloying in nitrogen gas atmosphere. The powder (30 kg) was hot-pressed at 1050 C into rods. The rod specimens were solution-treated at 1150 C for 1 h, and then quenched in water (solution-treated high-N). Through these processes, three types of stainless steel, namely, solution-treated ISO 5832, 20% cold-rolled ISO 5832, and solution-treated high-N stainless steels, were prepared for microstructural observation and mechanical test. The chemical compositions of the stainless steels are shown in Table 1 .
Microscopic observation and XRD analysis
The microstructures of solution-treated and cold-rolled ISO 5832 stainless steels, and solution-treated high-N stainless steel were analyzed by optical microscopy, TEM, and XRD analysis. Specimens for microscopic observation were cut from the sample alloys, covered with epoxy resin, and then polished with waterproof emery paper (120 to 2400 grit) under running water. The sample surfaces were finished by buff cleaning using a high-quality SiO 2 (OP-S) suspension and etched before the observation. Then the microstructures were observed with Nikon Upright Microscope. TEM was performed using disc specimens of 3 mm diameter. The disc specimens were prepared by electrolytic polishing with 95% methanol + 5% perchloric acid solution. The microstructures were analyzed using a TEM system (Hitachi, Ltd. H-800, at 200 kV) equipped with an EDX system (Horiba, Ltd. EMAX-2200). Precipitates were analyzed by electron beam diffraction and EDX analysis. The sample surfaces for XRD analysis were finished by buff cleaning. RINT1500, manufactured by Rigaku Corp., was used for the measurement. The XRD patterns were obtained using an X-ray source of CuK at a tube voltage of 40 kV, a tube current of 0.02 A, and a scanning rate (2) of 1 /min. The lattice constant of precipitates was accurately measured. Silicon powder (NIST, 640C), for use in XRD analysis, was thinly spread on the buff-cleaned sample surface as flat as possible, according to the testing manual. Scanning rate (2) and sampling step were set to 1 /min and 0.01 , respectively. To ensure the accurate calculation of lattice constant, the tested peak values were corrected by comparison with the standard Si peak values.
Tensile test
To investigate the effects of solution treatment and cold rolling on mechanical properties of stainless steel, tensile test was also carried out at room temperature. The test was performed in accordance with the ISO 6892 standard. Each specimen of 10 mm diameter and 55 mm gauge length was pulled at a crosshead speed of 1 mm/min until a 1% strain was achieved. The crosshead speed was then changed to 5 mm/min until the specimen fractured. The means of 0.2% proof strength ( 0.2%PS ), ultimate tensile strength ( UTS ), total elongation (T. E.), and reduction of area (R. A.), and standard deviations were calculated using three tested specimens. C for 30 min. Many dislocations were observed. From the diffraction pattern shown in Fig. 2(c) , the matrix was found to exhibit only the fcc () phase. The lattice parameter of the (fcc) phase was a ¼ 0:3605 AE 0:0001, which was obtained by XRD analysis.
Mechanical properties of solution-treated and cold-
rolled ISO 5832 stainless steel specimens Figure 3 shows the effects of solution-treatment temperature on the 0.2%PS , UTS , and T. E. of ISO 5832 stainless steel specimens that were solution-treated at 1000 C, 1050 C, 1075 C, and 1100 C for 30 min, and then quenched in water. The effects of solution-treatment temperature on the 0.2%PS and UTS were almost negligible; however, the T. E. tended to increase slightly with solution-treatment temper- ature. Table 2 shows the mechanical properties of ISO 5832 stainless steel solution-treated at 1075 C for 30 min: 0.2%PS , UTS , T. E., and R. A. were 303 AE 3 MPa, 670 AE 2 MPa, 65 AE 2%, and 71 AE 2%, respectively. Figure 4 shows the effects of cold rolling on the mechanical properties of ISO 5832 stainless steel. 0.2%PS and UTS increased linearly with the draft, whereas T. E. decreased linearly with an increase in draft. At 20% draft, 0.2%Ps and UTS increased from 300 MPa to 750 MPa and from 680 MPa to 900 MPa, respectively, at T. E 20% or higher. The mechanical properties of 20% cold-rolled ISO 5832 stainless steel are shown in Table 2: 0.2%PS , UTS , T. E., and R. A. were 758 AE 6 MPa, 890 AE 2 MPa, 22 AE 2%, and 68 AE 4%, respectively. These measures met the ISO 5832-1 standard of cold-worked stainless steel ( 0.2%PS ! 690 MPa, UTS ! 860 MPa, T. E. ! 12%). Figure 5 shows a TEM image of 20% cold-rolled ISO 5832 stainless steel. Many dislocations, which were produced by cold rolling, were observed. As shown in the diffraction pattern in Fig. 5(b) , the matrix indicated only the (fcc) phase. Figure 6 shows the optical micrographs of high-N stainless steel solution-treated at 1150 C for 1 h followed by quenching in water. Precipitates were observed at grain boundaries and in phase grains. To identify these precipitates, XRD analysis was conducted. The XRD pattern is shown in Figure 8 shows a TEM image of solutiontreated high-N stainless steel. Precipitates were observed along grain boundary and in grain. A TEM image of the inclusions is shown in Fig. 9(a) . A plate precipitate and a spherical precipitate are referred to as ''1'' and ''2'' in Fig. 9 . According to the diffraction patterns by EDX analysis, the plate precipitate was found to be CrNbN with high peaks of Cr and Nb (Fig. 9À) , while the spherical precipitate was found to be Mn 2 SiO 4 with high peaks of Mn, Si and O (Fig. 9`) . Figure 10 and Mn 2 SiO 4 were observed in the analysis. In Fig. 11 , Ni and Cr equivalents of high-N stainless steel are plotted by the square ( ) in the Schaeffler diagram. The square is located in the area where ferrite phase exists, which accounts for the result shown in Fig. 7. 3.4 Mechanical properties of solution-treated high-N stainless steel specimens The mechanical properties of solution-treated high-N stainless steel are shown in Table 2 : 0.2%PS , UTS , T. E., and R. A. were 436 AE 4 MPa, 830 AE 4 MPa, 37 AE 2%, and 48 AE 7%, respectively. These values met the cold-worked high-N stainless steel ( 0.2%PS ! 500, UTS ! 750, T. E. ! 16%) requirements specified in the ISO 5832-9 standard.
Microstructure of solution-treated high-N stainless steel specimens
Conclusions
To obtain basic data for developing manufacturing processes for stainless steels for implant application, we examined how solution treatment and cold rolling affect the microstructure of ISO 5832 and high-N stainless steels. Microstructural observations were carried out by optical microscopy, TEM, and XRD analysis. Tensile test, which was for examining these effects on mechanical properties, was also conducted at room temperature. The microstructure of solution-treated ISO 5832 stainless steel consisted of austenitic () phase. Many dislocations were observed in grains and along grain boundaries. The grain size of the austenitic phase tended to increase slightly with solutiontreatment temperature. The effects of solution-treatment temperature on the 0.2%PS and UTS of the solution-treated ISO 5832 were almost negligible; however, T. E. tended to increase slightly with solution-treatment temperature. The mechanical properties of ISO 5832 solution-treated at 1075 C for 30 min were as follows: 0.2%PS , 303 AE 3 MPa; UTS , 670 AE 2 MPa; T. E., 65 AE 2%; and R. A., 71 AE 2%. In the TEM image of 20% cold-rolled ISO 5832 stainless steel, many dislocations, which were produced by cold rolling, were observed. The 0.2%Ps and UTS of this stainless steel increased with an increase in the draft, whereas the T. E. decreased linearly as the draft increased. 0.2%PS , UTS , T. E., and R. A. were 758 AE 6 MPa, 890 AE 2 MPa, 22 AE 2%, and 68 AE 4%, respectively. In the microstructural observations of solution-treated high-N stainless steel, CrNbN and Mn 2 SiO 4 were observed. The mechanical properties of this stainless steel were as follows: 0.2%PS , 436 AE 4 MPa; UTS , 830 AE 4 MPa; T. E., 37 AE 2%; and R. A., 48 AE 7%. 
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